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In  this  paper,  we  present  an  integrated  experimental  and  modeling  methodology  in  predicting  the  life  of 
coated  and  uncoated  metallic  interconnect  (IC)  for  solid  oxide  fuel  cell  (SOFC)  applications.  The  ultimate 
goal  is  to  provide  cell  designer  and  manufacture  with  a  predictive  methodology  such  that  the  life  of  the 
IC  system  can  be  managed  and  optimized  through  different  coating  thickness  to  meet  the  overall  cell 
designed  life.  Crofer  22  APU  is  used  as  the  example  IC  material  system.  The  life  of  coated  and  uncoated 
Crofer  22  APU  under  isothermal  cooling  was  predicted  by  comparing  the  predicted  interfacial  strength 
and  the  interfacial  stresses  induced  by  the  cooling  process  from  the  operating  temperature  to  room 
temperature,  together  with  the  measured  oxide  scale  growth  kinetics.  It  was  found  that  the  interfacial 
strength  between  the  oxide  scale  and  the  Crofer  22  APU  substrate  decreases  with  the  growth  of  the  oxide 
scale,  and  that  the  interfacial  strength  for  the  oxide  scale/spinel  coating  interface  is  much  higher  than 
that  of  the  oxide  scale/Crofer  22  APU  substrate  interface.  As  expected,  the  predicted  life  of  the  coated 
Crofer  22  APU  is  significantly  longer  than  that  of  the  uncoated  Crofer  22  APU. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  recent  developments  of  planar  solid  oxide  fuel  cells 
(SOFCs),  several  types  of  ferritic  stainless  steels  have  been  examined 
as  potential  candidates  for  cell  interconnects  (ICs)  because  of  their 
gas-tightness,  low  electrical  resistivity,  ease  of  fabrication,  and  cost- 
effectiveness  [1].  Compared  to  chromium-based  alloys,  iron-based 
alloys  have  advantages  in  terms  of  high  ductility,  good  workabil¬ 
ity,  and  low  cost.  Iron-based  alloys,  especially  Cr-Fe-based  alloys, 
e.g.,  Crofer  22  APU  and  SS441,  are  the  most  attractive  metallic  IC 
materials  for  SOFCs  [2,3]. 

Under  the  typical  SOFC  operating  condition,  an  oxide  layer 
inevitably  forms  on  the  surface  of  ferritic  stainless  steels.  The  oxide 
scale,  consisting  mainly  of  Cr2 03 ,  is  reported  to  have  relatively  good 
electrical  conductivity  under  the  SOFC  operating  environment.  In 
addition,  it  protects  the  alloy  substrate  from  further  oxidation. 
While  the  formation  of  this  conductive  oxide  layer  is  unavoidable, 
it  limits  the  useful  life  of  these  interconnect  components  if  it  grows 
too  thick.  First  of  all,  the  stack  electrical  resistance  will  increase 
with  increasing  oxide  thickness  over  time.  Secondly,  under  ther¬ 
mal  cycling  or  cooling  down  to  room  temperature,  the  thick  oxide 
scale  is  prone  to  spallation  because  of  the  mismatch  of  the  coef¬ 
ficient  of  thermal  expansion  (CTE)  between  the  oxide  scale  and 
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the  metallic  substrate  [4].  Many  efforts  have  been  undertaken  to 
alleviate  or  reduce  the  aforementioned  disadvantages  of  using  a  Cr- 
contained  alloy  for  interconnect  materials  [5-15].  For  example,  Hua 
et  al.  [13]  applied  relatively  dense  and  well  adherent  Mn-Co  (MC) 
spinel  protection  coating  with  a  nominal  composition  of  MnCo204 
onto  the  surfaces  of  ferritic  stainless  steel  430  using  a  sol-gel  pro¬ 
cess.  It  is  demonstrated  that  the  MC  spinel  protection  layer  has 
excellent  structural  and  thermo-mechanical  stability,  and  effec¬ 
tively  performs  as  a  mass  barrier  to  the  outward  diffusion  of  Cr 
cations.  Yang  et  al.  [15]  verified  that  (Mn,Co)304  spinel  demon¬ 
strates  excellent  electrical  conductivity,  satisfactory  thermal  and 
structural  stability,  and  a  good  thermal-expansion  match  to  fer¬ 
ritic  stainless  steel  interconnects.  They  pointed  out  that  thermally 
grown  layers  of  Mni>5Coi.504  not  only  significantly  decreased  the 
contact  resistance  between  the  LSF  cathode  and  the  interconnect, 
but  also  acted  as  a  mass  barrier  to  inhibit  scale  growth  on  the 
stainless  steel  and  to  prevent  Cr  outward  migration  through  the 
coating. 

Even  though  various  coating  techniques  have  shown  great 
potential  in  slowing  down  the  oxide  growth  kinetics  and  in 
protecting  the  ferritic  stainless  steel  interconnect  under  SOFC  oper¬ 
ating  conditions,  sub-coating  oxide  scale  growth  is  still  inevitable 
[16-18].  The  appearance  and  growth  of  the  sub-coating  oxide  scale 
will  cause  growth  stress  in  the  oxide  scale  [19-23].  In  addition, 
the  coefficient  of  thermal-expansion  mismatch  between  the  oxide 
scale  and  the  metallic  substrate  creates  stresses  in  the  scale  and  on 
the  scale/substrate  interface  during  cooling  [23-26].  The  growth 
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stresses  in  the  oxide  scale  and  on  the  scale/substrate  interface 
combined  with  the  thermal  stresses  induced  by  the  CTE  mismatch 
between  the  oxide  scale  and  the  substrate  may  lead  to  scale  delami¬ 
nation/buckling  and  eventual  spallation  during  stack  cooling,  which 
can  lead  to  serious  cell  performance  degradation  [26,27].  It  is  there¬ 
fore  crucial  for  the  cell  designers  and  manufactures  to  be  able  to 
predict  and  manage  the  life  of  the  metallic  ICs  such  that  it  can  meet 
the  required  design  life  of  the  entire  SOFC  stack.  Even  though  vari¬ 
ous  techniques  and  methods  have  been  developed  to  quantify  the 
interfacial  strength  and  fracture  toughness  between  the  oxide  layer 
and  the  metallic  substrate  [28,29].  IC  life  prediction  methodologies 
remain  to  be  very  scarce  in  the  open  literature. 

In  this  paper,  we  present  an  integrated  experimental/modeling 
methodology  to  predict  the  life  of  coated  and  uncoated  metallic 
interconnects.  The  interfacial  strength  for  the  oxide  scale/substrate 
interface  and  the  oxide  scale/coating  interface  are  determined  by 
stair-stepping  experiments  and  the  corresponding  finite  element 
analyses.  The  critical  oxide  layer  thickness  at  which  delamination 
will  occur  upon  cooling  is  determined  by  comparing  the  interfacial 
strength  and  the  cooling-induced  interfacial  stresses  at  different 
interfaces.  The  life  of  the  metallic  interconnect  is  then  quanti¬ 
fied  by  finding  the  time  corresponding  to  the  critical  oxide  layer 
thickness  on  the  scale  growth  kinetics  charts.  Examples  on  coated 
and  uncoated  Crofer  22  APU  are  used  to  demonstrate  the  analy¬ 
sis  procedures.  It  was  found  that  for  Crofer  22  APU,  the  adhesion 
strength  of  the  oxide  scale/spinel  coating  interface  is  much  higher 
than  that  of  the  oxide  scale/substrate  interface,  and  that  cooling- 
induced  delamination  occurs  on  the  oxide/substrate  interface.  The 
predicted  life  of  the  spinel-coated  Crofer  22  with  15  p,m  spinel  coat¬ 
ing  is  around  15,500  h,  and  the  predicted  life  of  the  uncoated  Crofer 
22  is  only  around  4750  h. 

2.  Stair-stepping  indentation  experiments 

Stair-stepping  indentation  tests  have  been  used  by  Sun  et  al.  [30] 
in  quantifying  the  interfacial  strength  between  the  oxide  scale  and 
metallic  substrate  for  uncoated  Crofer  22  APU.  A  hardness  tester  was 
used  to  apply  the  load  utilizing  a  Rockwell  diameter  ball  indenter 
to  the  oxide  scale  on  the  substrates.  The  loads  were  stair-stepped 
to  determine  the  critical  level  that  spallation  occurred  on  each 
specimen.  In  this  study,  we  used  the  similar  experimental  pro¬ 
cedure  on  spinel-coated  Crofer  22  APU,  the  goal  is  to  determine 
the  interfacial  strength  between  the  spinel  coating  and  the  oxide 
layer. 

Fig.  1  shows  the  SEM  image  of  a  typical  cross-section  of  the 
Crofer/scale/coating  tri-layer  system.  All  the  specimens  were  oxi¬ 
dized  in  air  at  800  °C.  Metallography  was  performed  to  determine 
the  average  oxide  scale  thickness  and  the  spinel  coating  thickness 
for  each  specimen.  A  hardness  tester  was  used  in  applying  the 
indentation  load  on  the  coating  side  of  the  tri-layer  system  with 
a  Rockwell  1/16  in.  diameter  ball  indenter.  The  loads  were  stair- 
stepped  between  60kgf  and  150  kgf  to  determine  the  critical  load 
level  that  spallation  occurred  on  each  specimen.  When  delamina¬ 
tion  and  spallation  were  observed,  the  load  was  typically  reduced 
and  the  indentation  repeated,  continually  increasing  the  load  with 
each  indent  until  failure  was  observed  again. 


Crofer  substrate 


20  k  U  XI, 000  1 0  Mm  15  31  AUX 


Fig.  1.  Scanning  electron  microscopy  (SEM)  image  of  cross-section  of  Cro- 
fer/scale/MC  spinel  tri-layer  system:  600  h  oxidized  specimen  with  a  measured  scale 
thickness  of  1.85  |xm  and  a  coating  thickness  of  19.90  p,m. 

There  are  two  interfaces  in  the  Crofer/scale/coating  system, 
i.e.,  the  Crofer/scale  interface  and  the  scale/coating  interface.  The 
indentation-induced  delamination  may  occur  on  either  interface 
depending  on  the  loading  and  the  corresponding  strength  of  each 
interface.  For  each  spalled  specimen,  metallurgical  cross-section 
examination  is  performed  with  scanning  electron  microscopy 
(SEM)  to  determine  the  actual  interface  at  which  delamination 
occurred.  Fig.  2  shows  the  SEM  image  of  a  typical  cross-section  of 
the  Crofer/scale/coating  system  after  spallation  was  observed  dur¬ 
ing  the  indentation  test.  It  is  clear  that  the  delamination  occurs  in 
the  interface  of  the  scale  and  MC  spinel  coating. 

Table  1  lists  the  indentation  test  results  for  two  spinel-coated 
Crofer  specimens  with  different  subscale  oxide  and  spinel  coat¬ 
ing  thicknesses.  For  each  specimen,  the  numbers  of  indents  that 
either  spalled  or  did  not  spall  are  tabulated  at  each  loading  level. 


Fig.  2.  Typical  SEM  image  of  cross-section  of  Crofer/scale/MC  coating  system  after 
indentation  test:  delamination  in  the  scale/MC  coating  interface. 


Table  1 

Indentation  test  results  for  spinel-coated  Crofer  with  oxide  scale. 


Spec  # 

Thickness  (p,m) 

Load  (kgf) 

Scale 

Coat 

60 

75 

90 

100 

115 

130 

150 

No  spall 

Spall 

No  spall 

Spall 

No  spall 

Spall 

No  spall 

Spall 

No  spall 

Spall 

No  spall 

Spall 

No  spall 

Spall 

1 

1.50 

12.93 

7 

0 

4 

3 

3 

4 

0 

7 

0 

7 

0 

7 

0 

7 

2 

1.85 

19.80 

3 

0 

2 

0 

5 

5 

3 

5 

0 

5 

- 

- 

- 

- 
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Generally  speaking,  the  indentation  results  are  quite  consistent:  at 
the  lowest  indentation  load  of  60  kgf,  no  spallation  was  observed 
for  both  samples.  As  the  indentation  load  increases,  the  number  of 
spalled  samples  increases  and  the  number  of  non-spalled  samples 
decreases.  Above  some  critical  loads,  all  the  samples  experience 
spallation  during  indentation.  In  the  indentation  test,  the  load  step 
is  15  kgf  due  to  the  limitation  of  the  hardness  tester  used  here. 
The  critical  spalling  cases  are  underlined  in  Table  1  for  the  two 
specimens  examined. 

3.  Determination  of  interfacial  shear  strength  of 
oxide/spinel  coating 

In  elastic  fracture  mechanics,  the  stress  intensity  factor  I<  is 
often  used  to  describe  the  mathematical  stress  singularity  at  the 
tip  of  the  crack  in  the  interfaces.  The  stress  intensity  factor  can  be 
quantified  separately  as  K\  corresponding  to  the  opening  mode;  I<u 
corresponding  to  the  in-plane  shear  mode;  and  Km  corresponding 
to  the  out-of-plane  tearing  mode.  Sun  et  al.  [30]  reported  that  for 
oxidized,  uncoated  Crofer  22,  the  interfacial  crack  tips  experience 
much  higher  I<\\  than  I< \  during  indentation.  Therefore,  the  inter¬ 
facial  crack  growth  is  considered  mostly  Mode  II  dominant  during 
indentation  tests,  and  the  interfacial  strength  is  computed  through 
corresponding  finite  element  analysis  as  the  maximum  shear  stress 
at  the  interface  induced  by  the  critical  indentation  force.  Similar 


methodology  is  adopted  in  this  study  for  the  oxidized,  MC  spinel- 
coated  Crofer  22.  The  shear  stresses  at  the  interfaces  of  Crofer/scale 
and  scale/spinel  coating  are  considered  as  the  driving  force  for  the 
crack  propagation  at  these  interfaces. 

3.1.  Finite  element  model  and  material  properties 

Fig.  3  illustrates  the  schematic  of  the  indentation  test.  Taking 
advantage  of  the  symmetrical  nature  of  the  indentation  test,  two 
dimensional  axisymmetric  model  is  used  for  maximizing  computa¬ 
tional  efficiency.  Commercial  finite  element  (FE)  package,  ABAQUS 
[31  ],  is  used  in  simulating  the  static  indentation  tests.  Fig.  4  shows 
the  typical  FE  model  used,  consisting  of  124,000  four-node  axisym¬ 
metric  elements  with  125,631  nodes.  The  thickness  of  the  Crofer 
22  APU  substrate  is  0.5  mm.  The  thicknesses  of  the  oxide  scale 
and  the  spinel  coating  are  assumed  to  be  uniform  in  the  FE  mod¬ 
els.  Two  interfaces  are  included  in  this  model:  one  for  the  oxide 
scale/substrate  and  one  for  the  spinel  coating/oxide  scale.  Very 
fine  mesh  was  used  within  the  indenter  contact  zone  and  near  the 
interfaces  between  the  substrate/scale  and  scale/coating  to  quan¬ 
tify  accurate  stress  predictions  at  these  locations.  The  characteristic 
mesh  size  at  the  location  for  maximum  shear  stress  is  around  0.5 
|xm. 

In  the  early  stages  of  oxidation,  the  scale  exhibited  a  rough  sur¬ 
face  and  consisted  of  angular  spinel  crystals  embedded  in  a  chromia 
substrate.  As  the  time  increased  to  300  h,  the  scale  surface  became 
smoother  as  the  sharp  edges  of  the  spinel  phase  tended  to  disap¬ 
pear  and  the  scale  began  to  homogenize.  The  scale  composition 
and  microstructure  tended  to  become  homogeneous.  After  900  h, 
the  scale  surface  was  even  smoother,  and  the  angular  spinel  crystals 
had  almost  totally  disappeared,  evolving  into  a  fine,  agglomerated 
microstructure  [3].  The  main  composition  of  the  oxide  scale  for 
Crofer  22  is  Q2O3  and  (Mn,Cr)304.  The  physical  and  mechanical 
properties  for  the  oxide  scale  are  taken  as  v  =  0.27  and  E  =  250GPa 
[32,33].  The  coefficient  of  thermal  expansion  of  the  oxide  scale 
is  5.7E-6  [32].  The  main  composition  of  the  MC  spinel  coating 
is  Mn1.5C01.5O4;  its  modulus  and  Poisson’s  ratio  are  measured  as 
v  =  0.36  and  E  =  124.7  GPa,  and  the  coefficient  of  thermal  expansion 
is  measured  as  11.5E-6  [34].  Both  the  oxide  scale  and  the  spinel 
coating  are  considered  as  brittle  ceramic  materials  and  are  modeled 
as  linear  elastic  materials  at  room  temperature  in  the  indentation 
analyses.  The  Crofer  22  APU  substrate  is  considered  to  be  elasto- 
plastic,  based  on  the  properties  from  ThyssenKrupp  [35-37].  This 
is  also  evident  from  the  permanent  deformation  on  the  indented 
samples. 


4  xT 

/  Spinel  Coating 


Fig.  4.  FE  mesh  used  for  Crofer/scale/coating  tri-layer  system. 
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Fig.  5.  Predicted  interfacial  shear  strength  of  oxide/Crofer  22. 
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3.2.  Interfacial  strength  of  oxide/Crofer  22  substrate 

The  interfacial  shear  strength  for  the  interface  of  the  oxide- 
scale/substrate  for  uncoated  Crofer  22  was  first  reported  by  Sun  et 
al.  [30].  In  that  modeling  study,  the  characteristic  mesh  size  used  for 
the  scale/substrate  interface  is  3  [xm  and  no  mesh-size  convergence 
study  was  reported.  Compared  to  the  average  oxide  scale  thickness 
of  2-5  [xm,  the  mesh  size  used  was  relatively  coarse.  This  is  par¬ 
ticularly  true  around  the  turning  corner  of  the  oxide  scale  right 
underneath  the  contact  radius  of  the  indenter.  In  this  study,  a  much 
finer  mesh  at  the  interfaces  is  used,  and  the  characteristic  mesh  size 
is  0.5  |xm.  The  same  characteristic  mesh  size  is  also  used  for  the  tri¬ 
layer  indentation  and  cooling  analyses  to  minimize  the  effect  of 
mesh  size  sensitivity  in  the  tri-layer  life  predictions.  The  predicted 
interfacial  shear  strength  with  the  current  fine  mesh  is  shown  in 
Fig.  5  for  various  scale  thickness. 

Results  in  Fig.  5  indicate  that  the  predicted  interfacial  strength 
decreases  with  increasing  scale  thickness,  i.e.,  oxide  growth.  It 
therefore  indicates  a  degradation  of  interfacial  strength  with 
increasing  oxide  scale  thickness,  which  in  turn  suggests  a  degrada¬ 
tion  of  interfacial  strength  with  increasing  exposure  and  oxidation 
time.  In  general,  the  interfacial  strength  is  considered  as  an  intrin¬ 
sic  property  as  long  as  the  material  system  is  selected.  It  should 
not  vary  with  the  thickness  of  the  oxide  scale  or  coating,  provided 
the  thickness  does  not  change  the  characteristic  of  the  interface. 
The  interfacial  strength  degradation  observed  here  implies  that  the 
growth  of  the  oxide  scale  either  changes  the  interfacial  character¬ 
istics  or  alters  the  chemical  composition  because  of  the  diffusion  of 
the  chromium.  A  similar  phenomenon  was  reported  by  Chandra- 
Ambhorn  et  al.  [38]  when  they  measured  the  adhesion  energy  of 
the  thermally  grown  oxide  scale  using  a  room-temperature  tensile 
test  to  induce  spallation.  Similar  decrease  of  adhesion  energy  was 
reported  with  increasing  oxide  thickness. 

3.3.  Interface  strength  of  spinel- coating/ oxide  for  the  tri-layer 
systems 

It  is  assumed  in  this  study  that  the  interfacial  strength  for  the 
oxide/Crofer  22  interface  is  not  influenced  by  the  MC  spinel  coat¬ 
ing.  The  shear  strength  of  this  interface  therefore  stays  the  same 
for  the  uncoated  bi-layer  Crofer/scale  system  and  spinel-coated 
tri-layer  (Crofer/scale/coating)  system.  The  interfacial  strength  of 
oxide/Crofer  22  interface  reported  in  the  previous  section  will 
be  used  in  the  coated  tri-layer  simulation.  FE  simulations  are 
performed  for  the  critical  indentation  cases  listed  in  Table  1  on 
the  spinel-coating/oxide/Crofer  tri-layer  systems  to  determine  the 
interfacial  strength  of  oxide  scale/spinel  coating,  see  typical  FE 
mesh  used  in  Fig.  4. 

The  predicted  maximum  interfacial  shear  stresses  for  the  two 
interfaces  at  the  critical  indentation  loads  are  shown  in  Fig.  6  for 
the  two  samples.  The  predicted  interfacial  shear  stresses  between 


Fig.  6.  Modeled  maximum  interfacial  shear  stress  on  different  interfaces  at  critical 
indentation  loads  for  oxidized  spinel-coated  Crofer  tri-layer  systems,  where  S  and  C 
refer  to  thickness  of  oxide  scale  and  spinel-coating,  respectively. 

the  oxide  scale  and  Crofer  substrate  for  the  two  cases  are  253  MPa 
and  256  MPa,  respectively.  Both  of  them  are  much  lower  than  the 
oxide  scale/Crofer  interfacial  strength  of  395  MPa,  as  determined  in 
the  previous  section.  Indentation  failure  is  therefore  not  predicted 
to  occur  at  this  interface.  A  detailed  SEM  image  of  the  cross-section 
of  the  spinel-coated  Crofer  after  the  indentation  test  shown  in  Fig.  7 
confirm  this  prediction,  i.e.,  the  Crofer  22  and  scale  interface  does 
not  delaminate. 

In  contrast  with  the  low  interfacial  shear  stresses  between  the 
oxide  scale  and  the  Crofer  22  APU  substrate  during  indentation, 
the  interfacial  shear  stresses  between  the  oxide  scale  and  the  MC 
spinel-coating  layer  are  much  higher  as  illustrated  in  Fig.  6.  Fig.  8 
shows  the  predicted  shear  stress  contour  at  the  critical  indenta¬ 
tion  load  of  90  kgf  for  the  spinel-coated  Crofer  tri-layer  system  of 
sample  2.  A  very  high  interfacial  shear  stress  is  predicted  at  the 
spinel-coating/oxide  scale  interface.  In  addition,  a  localized  region 
with  very  high  shear  stress  is  also  predicted  in  the  spinel  coat¬ 
ing  right  underneath  the  indenter  contact  radius.  Therefore,  in 
addition  to  the  interfacial  delamination,  the  indentation  process 
may  also  cause  localized  spinel  coating  failure  due  to  the  highly 
concentrated  shear  stress  predicted  in  the  coating  layer.  The  SEM 
cross-section  of  the  indented  tri-layer  system  in  Fig.  7  confirms  this 
prediction.  When  failure  occurs  first  in  the  spinel  coating,  the  sub¬ 
sequent  interfacial  failure  at  the  spinel-coat/oxide  scale  interface 
can  be  considered  as  the  result  of  crack  propagation.  The  predicted 
interfacial  stress  at  the  spinel-coating  and  oxide-scale  interface  at 
the  corresponding  critical  indentation  loads  can  be  considered  as 
the  lower  bounds  of  the  true  interfacial  strength  at  that  interface. 


Fig.  7.  SEM  image  of  failed  spinel-coated  Crofer. 
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Fig.  8.  Predicted  shear  stress  distribution  for  oxidized,  spinel-coated  Crofer  tri-layer  system. 


Results  in  Fig.  6  indicate  that  the  lower  bound  of  this  interfacial 
strength  is  886  MPa. 

4.  Life  prediction  of  uncoated  and  coated  metallic 
interconnect 

The  interfacial  strengths  quantified  in  the  previous  section  for 
the  two  interfaces  can  now  be  used  to  determine  the  lifetime  of 
a  Crofer  22  APU  with  or  without  a  spinel  coating  layer  by  com¬ 
paring  them  with  the  interfacial  stresses  developed  during  SOFC 
stack  cooling  processes.  Fig.  9  illustrates  the  flow  chart  of  the  life 
prediction  methodology. 

First,  stack-cooling-induced  interfacial  shear  stresses  are  cal¬ 
culated  for  a  0.5  mm  thick  Crofer  22  APU  with  different  subscale 


Fig.  9.  Flow  chart  of  life  prediction  of  metallic  interconnect  in  SOFC  application. 


thicknesses  using  FE  analyses.  The  critical  oxide  scale  thickness 
is  determined  by  comparing  the  predicted  interfacial  shear  stress 
with  the  interfacial  strength  quantified  in  the  previous  section.  The 
corresponding  oxidation  time  needed  to  form  this  critical  oxide 
thickness  can  then  be  determined  using  the  oxide-growth  kinet¬ 
ics  charts  for  Crofer  22  APU  with  and  without  a  spinel  coating  layer. 
The  oxidation  time  is  therefore  the  IC  lifetime  predicted  under  stack 
cooling. 

4.1.  Predictions  of  interfacial  stresses  during  isothermal  stack 
cooling 

Because  of  the  CTE  mismatch  between  the  oxide  scale  and  the 
Crofer  substrate,  very  high  compressive  stresses  develop  in  the 
oxide  scale  during  the  stack  cooling  process  [39].  In  addition,  inter¬ 
facial  shear  stresses  also  develop  at  the  edges  of  the  IC  plate  [40]. 
The  predicted  interfacial  shear  stress  increases  with  the  growth  of 
the  oxide-scale  thickness  for  an  oxidized,  uncoated  Crofer  22  APU. 
Fig.  10  illustrates  the  evolution  of  cooling-induced  interfacial  shear 
stresses  between  the  oxide  scale  and  the  Crofer  substrate  for  various 
scale  thicknesses,  where  the  thermal  and  mechanical  properties  of 
the  oxide  scale  and  Crofer  substrate  are  the  same  as  given  in  the 
section  of  “Finite  element  model  and  material  properties”.  In  the 


Uncoated  Crofer  22  APU 


Fig.  10.  Increase  of  predicted  interfacial  shear  stress  with  growth  of  oxide  scale 
under  isothermal  cooling  conditions  for  uncoated  Crofer  22  APU. 
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Spinel  Coated  Crofer  22  APU 


Thickness  of  Scale  (micron) 

Fig.  11.  Increase  of  interfacial  shear  stress  with  growth  of  oxide  scale  under  isother¬ 
mal  cooling  conditions  for  spinel-coated  Crofer  22  APU. 

following  analysis  of  the  oxidized,  spinel-coated  Crofer  22  APU,  the 
same  set  of  the  thermal-mechanical  properties  is  adapted,  too. 

For  uncoated  Crofer,  the  interfacial  strength  of  the  oxide  scale 
and  the  Crofer  substrate  quantified  in  Fig.  5  can  now  be  used  in 
conjunction  with  Fig.  10  to  quantify  the  critical  oxide  scale  thick¬ 
ness  at  which  interfacial  fracture/delamination  will  occur  during 
isothermal  cooling.  The  critical  oxide  thickness  is  determined  in 
Fig.  10  as  11.2  |jim  under  isothermal  cooling. 

For  spinel-coated  Crofer  22  APU,  assuming  the  thickness  of 
the  spinel  coating  is  15  p,m,  the  maximum  cooling-induced  (from 
800  °C  to  room  temperature)  interfacial  shear  stresses  at  the 
scale/substrate  interface  and  the  scale/spinel  interface  are  calcu¬ 
lated  for  various  subscale  thicknesses  as  shown  in  Fig.  11.  At  both 
interfaces,  the  cooling-induced  maximum  interfacial  shear  stresses 
increase  with  scale  growth.  It  is  also  illustrated  that  the  interfacial 
shear  stresses  on  the  oxide  scale/Crofer  interface  are  much  higher 
than  that  on  the  oxide  scale/spinel  coating  interface.  Meanwhile, 
the  quantified  interfacial  strength  at  the  oxide  scale/Crofer  interface 
is  much  lower  than  that  of  the  oxide  scale/spinel  coating  interface. 
Therefore,  cooling-induced  spallation  will  occur  at  the  oxide/Crofer 
interface.  Assuming  a  constant  interfacial  strength  of  395  MPa,  the 
critical  oxide  scale  thickness  for  interfacial  fracture/delamination 
can  be  identified  as  4.2  |xm  as  shown  in  Fig.  11. 

4.2.  IC  life  determination  with  scale  growth  kinetics 

After  determination  of  the  critical  thickness  of  the  oxide  scale, 
the  lifetime  of  Crofer  22  interconnect  with  or  without  coating 
may  be  estimated  in  conjunction  with  the  oxide  growth  kinetics 
obtained  experimentally  under  typical  SOFC  operating  tempera¬ 
tures  and  environments. 

For  example,  Fig.  12  depicts  the  experimentally  determined 
oxide  scale  growth  kinetics  for  bare  and  spinel-coated  Crofer  22 
APU  under  the  typical  SOFC  operating  condition  of  800  °C  [41]. 
The  solid  lines  represent  the  growth  kinetics  curves  of  the  oxide 
scale  with  and  without  coating  with  respect  to  oxidation  time,  i.e., 
working  time  in  operating  environments  of  SOFC,  and  the  dashed 
lines  represent  the  critical  thickness  of  the  oxide  scale  obtained  in 
the  previous  section  for  uncoated  and  MC  spinel-coated  Crofer  22 
APU.  In  Fig.  12,  the  light  grey  squares  represent  the  measurement 
results  of  the  oxide  scale  under  the  cycling  thermal  process  with 
a  12-h  span  at  800  °C  in  air.  The  oxide  scale  for  both  uncoated  and 
MC  spinel-coated  Crofer  22  APU  grows  linearly  with  respect  to  the 
square  root  of  the  oxidization  time  under  the  normal  operating  tem¬ 
perature  of  800°C.The  oxide-growth  kinetics  for  uncoated  and  MC 


Fig.  12.  Oxide  scale  growth  kinetics  for  bare  and  spinel-coated  Crofer  22  APU  [41  ]. 

spinel-coated  Crofer  22  APU  shown  in  Fig.  12  can  be  approximated 
as 

f  0.15455 11/ 2  +  0.751  for  uncoated  Crofer  22  APU 

0.0277 11/2  +  0.751  for  MC  spinel-coated  Crofer  22  APU’ 

where  h  is  the  oxide  thickness  in  pan,  and  t  is  the  time  in  h.  Using 
the  previously  determined  critical  oxide  thicknesses  uncoated  and 
spinel-coated  Crofer  22  APU  of 

,  _  J  11.4  |jim  for  uncoated  Crofer  22  APU 
cr  -  |  4.2  [xm  for  MC  spinel-coated  Crofer  22  APU  ’ 

the  lifetime  for  the  uncoated  and  spinel-coated  Crofer  can  be 
obtained,  respectively  as 

_  f  4747  h  for  uncoated  Crofer  22  APU 
tL  “  |  15504  h  for  MC  spinel-coated  Crofer  22  APU 

The  predicted  lifetime  for  the  uncoated  and  MC  spinel-coated 
Crofer  are  4747  h  and  15,504  h,  respectively.  As  expected,  a  signif¬ 
icantly  longer  lifetime  is  predicted  for  the  coated  Crofer  than  the 
uncoated  one.  Again,  this  shows  the  effectiveness  of  the  spinel  coat¬ 
ing  layer  in  delaying  oxide  growth  and  in  prolonging  the  working 
lifetime  of  a  Crofer  22  APU.  It  should  be  noted  that  the  predicted 
lifetime  of  15,504  h  might  still  not  be  long  enough  for  the  designed 
lifetime  of  an  SOFC  stack.  The  coating  thickness  may  need  to  be 
optimized  to  manage  the  subscale  growth  kinetics  and  therefore 
further  improve  the  lifetime  of  Crofer  22  as  an  IC  for  planar  SOFC 
applications. 

5.  Conclusions 

In  this  paper,  the  integrated  experimental/modeling  approach 
is  presented  and  applied  to  predict  the  lifetime  of  uncoated  and 
coated  metallic  ICs  used  in  SOFCs.  The  interfacial  shear  strengths 
of  the  oxide  scale/Crofer  22  interface  and  the  oxide  scale/MC  spinel 
coating  interface  were  determined  by  indentation  experiments  and 
modeling.  The  critical  oxide  thickness  for  spallation  is  determined 
by  comparing  the  interfacial  strength  with  the  cooling-induced 
interfacial  stress  for  various  oxide  scale  thickness.  The  critical  oxide 
thickness  is  then  used  in  conjunction  with  the  experimentally 
determined  oxide  growth  kinetics  charts  to  predict  the  lifetime  of 
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the  coated  and  uncoated  metallic  ICs  used  in  SOFC.Based  on  the 
results  of  our  integrated  experimental  and  analytical  studies,  we 
have  reached  the  following  conclusions: 

(1)  The  MC  spinel  coating  layer  effectively  prolongs  the  lifetime 
of  the  metallic  interconnects  used  in  SOFC.  In  the  examples 
shown  here,  the  predicted  lifetime  of  the  coated  Crofer  22  APU  is 
around  15,500  h,  whereas  the  predicted  lifetime  of  an  uncoated 
Crofer  22  APU  under  the  same  environment  is  only  around 
4747  h. 

(2)  The  cooling-induced  interfacial  stresses  increase  with  the 
growth  of  the  oxide  scale. 

(3)  The  interfacial  strength  between  the  oxide  scale  and  the  Crofer 
22  substrate  decreases  with  the  growth  of  the  oxide  scale,  indi¬ 
cating  that  the  growth  of  the  oxide  scale  will  possibly  degrade 
the  IC  interfacial  reliability  and  therefore  influence  the  long¬ 
term  stack  performance. 

(4)  The  interfacial  adhesion  strength  of  the  oxide  scale/spinel¬ 
coating  interface  is  much  higher  than  that  of  the  oxide 
scale/substrate  interface. 

It  should  be  mentioned  that  the  goal  of  this  paper  is  to  provide 
a  methodology  in  predicting  the  life  of  metallic  ICs.  Since  there  is  a 
generic  variation  in  the  critical  indentation  forces  obtained  through 
the  indentation  experiments,  more  specimens  will  be  needed  to 
obtain  the  actual  critical  indentation  force.  Our  future  work  will  also 
include  applying  similar  methodology  in  identifying  the  effects  of  a 
surface  finish  on  the  interfacial  strength  between  the  native  oxide 
layer  and  the  metallic  IC  substrates.  In  addition,  we  will  continue 
to  investigate  the  degradation  mechanisms  of  interfacial  strength 
with  oxide-scale  growth. 
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